Locus coeruleus (LC) and substantia nigra pars compacta (SNpc) degrade with normal aging, but not much is known regarding how these changes manifest in MRI images, or whether these markers predict aspects of cognition. Here, we use high-resolution diffusion-weighted MRI to investigate microstructural and compositional changes in LC and SNpc in young and aged cohorts, as well as their relationship with cognition. In LC, the older cohort exhibited a significant reduction in mean and radial diffusivity, but a significant increase in fractional anisotropy compared to the young cohort. We observed a significant correlation between the decrease in LC mean and radial diffusivities and measured examining delayed recall. This observation suggests that LC is involved in retaining cognitive abilities. In addition, we observed that iron deposition in SNpc occurs early in life and continues during normal aging. Since neuronal loss occurs in both LC and SNpc in Parkinson's disease, but occurs only in the LC in Alzheimer's disease, our results may lead to early stage imaging biomarkers for these diseases.
Histological studies have revealed that both LC and SNpc undergo neuronal loss or compositional changes in normal aging. Approximately 40% of LC neurons are lost by age 40 9 while neuronal loss in SNpc is estimated to occur at a rate of approximately 4.7% per decade of life 10 . These microstructural differences can be examined in vivo with diffusion imaging, which measures the movement of molecular water 11 . Measures such as the degree of restricted diffusion (fractional anisotropy, FA) are sensitive to altered microstructural "integrity" (e.g., degeneration or demyelination), particularly in highly aligned white matter. The average (mean diffusivity, MD) or perpendicular (radial diffusivity, RD) rates of diffusion may instead capture microstructural differences in gray matter, such as the catecholamine nuclei of interest here. Previous studies in aging have shown changes in these diffusion metrics in deep gray matter structures (e.g., putamen) in older relative to younger 12 .
To date, however, few studies have examined microstructural changes in substantia nigra localized by neuromelanin-sensitive MRI and no studies have assessed microstructural changes in LC using diffusion tensor imaging (DTI). One reason may be that assessment of catecholamine nuclei microstructure is hampered by the low resolution of diffusion-weighted images, which is typically insufficient to resolve LC. Furthermore, as SNpc experiences age-related iron deposition in addition to neuronal loss 13 , SNpc diffusion metrics might be influenced by age-related iron accumulations in SNpc. Specifically, iron reduces diffusivity values 14 in diffusion-weighted acquisitions using monopolar diffusion encoding gradients 15 .
Iron deposition can be measured using quantitative susceptibility mapping (QSM) or R 2 * 16 . In substantia nigra, age-related changes in iron [17] [18] [19] [20] and microstructure 12, 21 have been assessed using regions of interest (ROIs) placed in T 2 -weighted images [17] [18] [19] [20] . However, these ROIs are mostly spatially incongruent to the neuromelanin-sensitive substantia nigra (i.e. SNpc) 22 and, to date, agerelated iron deposition or microstructural alterations have not been examined in SNpc defined by neuromelanin-sensitive MRI.
The current study takes advantage of recent advances in MRI hardware and acquisition strategies that have allowed for diffusion imaging with sub-millimeter in plane resolution, suitable for imaging LC. In this work, we will examine age-related microstructural and compositional differences in the catecholamine nuclei (LC, SNpc) using a combination of diffusion imaging and QSM/R 2 *. In addition, we assess the influence of iron on diffusion measures from diffusionweighted sequences using monopolar and bipolar diffusion encoding gradients. The functional impact of these age-related structural differences are further ascertained in relation to memory performance.
Materials and Methods
Sixty-one subjects (24 aged and 37 young subjects) participated in this study. Subjects in the aged cohort were recruited from the Riverside community and subjects in the young cohort were recruited from the student population at University of California-Riverside. Participants were excluded from the study if there were any contraindications to MRI imaging or if they had a diagnosed neurological condition. All subjects participating in the study gave written informed consent in accordance with local institutional review board (IRB) regulations. One young subject was excluded from the diffusion-weighted MRI analysis due to problems with data acquisition and three subjects (2 aged and 1 young) were excluded from the analyses because of significant motion artifacts. The final sample size used in the analysis was 22 aged subjects and 35 subjects in the young cohort. Demographic information (gender, age) and Montreal cognitive assessment scoring (MOCA) and Rey Auditory Verbal Learning Test (RAVLT) scores were collected on each subject.
Group means for Age, MOCA, and RAVLT scores are given in Table 1 . of opposite polarity were acquired to correct for susceptibility distortion 23 .
The use of a monopolar diffusion encoding gradient was necessary to achieve spatial resolutions needed to resolve the LC. However, monopolar diffusion encoding gradients are particularly problematic in structures with elevated iron content, such as substantia nigra. Bipolar diffusion encoding gradients are insensitive to field inhomogeneities generated by iron 14, 24 . To examine the age-related effects without the influence of iron, an additional lower-resolution diffusion-weighted MRI dataset was collected with bipolar diffusion encoding gradients. Whole brain diffusion-weighted MRI data were collected with a diffusion-weighted single-shot spin-echo, echo planar imaging sequence with the following parameters: TE / TR = 102 / 3500 ms, FOV = 212 × 182 mm 2 , matrix size of 128 × 110, voxel size = 1.7 × 1.7 × 1.7 mm 3 , multiband factor = 4, 64 slices with no gap. Diffusion-weighting gradients were applied in 64 directions with b values of 1500 s/mm 2 and 3000 s/mm 2 with 3 b=0 images. For the diffusion-weighted MRI dataset with bipolar diffusion encoding gradients, two sets of diffusion-weighted images with phase-encoding directions of opposite polarity were acquired to correct for susceptibility distortion 23 .
Standard space transformation
Imaging data were analyzed with FMRIB Software Library (FSL). A transformation was derived between individual subject space to Montreal Neurological Institute (MNI) 152 T 1weighted space using FMRIB's Linear Image Registration Tool (FLIRT) and FMRIB's Nonlinear Image Registration Tool (FNIRT) in the FSL software package using the following steps 25, 26 . (1) The T 1 -weighted image was skull stripped using the brain extraction tool (BET) in FSL, (2) brain extracted T 1 -weighted images were aligned with the MNI brain extracted image using an affine transformation, and (3) a nonlinear transformation (FNIRT) was used to generate a transformation from individual T 1 -weighted images to T 1 -weighted MNI152 common space. 
Neuromelanin-sensitive atlases
A SNpc neuromelanin atlas in MNI 152 space was created for use in this study from a separate cohort of 31 healthy participants (mean age: 26.1 years) using a process similar to those outlined earlier 27, 28 . The SNpc template was transferred from MNI 152 space to individual subject space using FLIRT and FNIRT in the FSL software package as follows 25, 26 . First, brain extracted T 1 -weighted images were aligned with the MNI brain extracted image using an affine transformation. Second, a nonlinear transformation was used to generate a transformation from individual subject space to common space. Next, individual SNpc and masks were transformed to their respective T 1 -weighted images using FLIRT and then transformed to common space using FNIRT. Finally, the first echo from the T 2 -weighted GRE sequence was brain extracted using the brain extraction tool (BET) in FSL and a rigid body transformation was used to register the brain extracted T 1 -weighted image with FLIRT. The resulting transformation matrix was used to transform the SNpc mask in T 1 -space to T 2 -weighted or diffusion space. The resultant SNpc masks were thresholded at a level of 0.6, corresponding to at least 60% of the subjects sharing the voxel, and then binarized. Each transformation was checked for errors, and no discernable difference was seen in the location of the ventricles in the T 1 -weghted, T 2 -weighted, and diffusion images.
An LC atlas was created from the same population used to create the SNpc neuromelanin atlas. LC was segmented using a previously used procedure 2 , transformed to MNI standard space, and a population map was created using the steps outlined above. The LC atlas was thresholded at a level of 0.6, binarized, and then transformed to individual T 2 -weighted or diffusion images as described above. LC and SNpc atlases used in this analysis are shown in Figure 1 .
Diffusion processing
Diffusion-weighted data were analyzed with FSL 25, 29, 30 and MATLAB (The Mathworks, Natick, MA). Standard preprocessing steps were applied to correct susceptibility induced distortions in the diffusion MR data. Diffusion MR data were first corrected for eddy-current distortion, motion, and for susceptibility distortion using eddy in FSL 23, 31 . Next, skull stripping of the T 1 -weighted image and susceptibility corrected b=0 image was performed using the brain extraction tool in the FSL software package 32 . Finally, measures derived from the diffusion MR data, including fractional anisotropy (FA) and mean diffusivity (MD) were calculated using the dtifit tool in FSL. Radial diffusivity (RD) and axial diffusivity (AD) was obtained from the resulting eigenvalue maps. Processing and registration steps are illustrated in Figure 2 .
The registration and processing pipeline. QSM and R 2 * images were created from the phase and magnitude images in the multi-echo GRE acquisition, respectively. FA, MD, and RD images were created from the high resolution diffusion-weighted acquisition. Registration between GRE and T 1 images was derived from the first echo of the GRE acquisition with a rigid body transformation, and registration between diffusion-weighted and T 1 images was derived using the b=0 image with a rigid body transformation with boundary based registration cost function.
2.5 R 2 * and QSM processing R 2 * values were estimated using a custom script in MATLAB by fitting a monoexponential model to the GRE images.
where S 0 denotes a fitting constant and S i denotes the signal of a voxel at the ith echo time. The resulting R 2 * map was aligned to the T 1 -weighted image using a transform derived via the magnitude image from the first echo (FLIRT, degrees of freedom = 6). For each subject, mean R 2 * was measured in the SNpc and in LC ROIs.
QSM images were constructed using the following procedure. Phase maps were constructed from the raw data, and phase offsets were removed. Next, phase maps were unwrapped 33 . The background phase was then removed with the spherical mean value method using a filter having a radius of eight pixels 34 . Finally, susceptibility maps were derived from the frequency map of brain tissue using an improved least-squares (iLSQR) method 35, 36 and Laplace filtering with a threshold of 0.04 as a truncation value. All QSM images were processed in MATLAB (The Math-Works, Inc., Natick, MA, USA) using in-house scripts. Mean susceptibility was measured in SNpc for each subject. Susceptibility was not measured in LC due to substantial susceptibility artifacts generated by the fourth ventricle.
Statistical Analysis
All statistical analyses were performed using IBM SPSS Statistics software version 24
(IBM Corporation, Somers, NY, USA) and results are reported as mean ± standard deviation. A p value of 0.05 was considered significant for all statistical tests performed in this work. Group R 2 * , susceptibility, and DTI indices comparisons between the young and aged cohort were made using separate two-tailed t-tests, and we expected group effects in each measure.
Spearman rank correlations of mean SNpc R 2 * and mean SNpc susceptibility with age were performed separately in both cohorts. As histology suggests a rapid accrual of iron early in life and leveling off later in life 13 , we expected significant correlations in mean SNpc R 2 * and susceptibility in the young cohort but not in the aged cohort. The dependence of diffusivity on iron content in SNpc was ascertained with Spearman rank correlations between monopolar and bipolar diffusion indices and iron measures (R 2 * or susceptibility), in each group. As the bipolar diffusion acquisition is insensitive to magnetic field inhomogeneities generated by iron, we predicted the diffusion indices from the monopolar acquisition would be sensitive to iron but not diffusion indices from the bipolar acquisition.
To assess the impact of LC microstructure on memory, we performed a correlation analysis between mean LC DTI indices and RAVLT delayed recall. Cognitive decline is linked to the loss of melanized neurons in LC 37 and we hypothesized that LC microstructural measures would correlate with RAVLT delayed recall score in the aged group. Figure 3A shows comparison of mean FA in young (i) and aged (ii) groups. Age group differences in DTI indices and R 2 * were assessed using between-group t-tests. Figure 3 . 
Results

LC microstructure
LC microstructure and memory
The effect of LC microstructure on memory was assessed by correlating LC diffusion indices (MD, RD, and AD) with RVALT delayed recall components. In the aged group mean LC diffusion metrics positively correlate with memory scores (RAVLT delayed recall), indicating that as memory performance increases, LC MD (r=0.618, p=0.001), mean LC RD (r=0.576, p=0.002), and mean LC AD (r=0.637, p=4.1x10 -4 ) also increase. These correlations are shown in Figure 4 .
Interestingly, no correlation between any LC diffusion measures and RAVLT delayed
recall score was observed in the young group (mean LC MD: r=0.074, p=0.487; mean LC RD:
r=0.006, p=0.346; mean LC AD: r=0.119, p=0.262).
SNpc microstructure and composition
SNpc microstructure was assessed using iron sensitive (monopolar; high resolution) and iron insensitive (bipolar; lower resolution with 1.7 mm isotropic voxel) diffusion-weighted acquisitions. Changes in SNpc composition were assessed using iron sensitive contrasts, and Figure 5 (iii) and (iv) show mean SNpc R 2 * in young and aged cohorts, respectively. An increase in R 2 * 
Effect of iron of SNpc diffusion measures
Discussion
This study examined the microstructural and compositional differences occurring in catecholamine nuclei during normal aging. In the LC, aging led to expected age-related reductions in diffusivity (MD, RD) and an unexpected increase in anisotropy (FA), but there was no effect of aging on R 2 *. Aging in SNpc was accompanied by reductions in diffusivity (but not anisotropy) with additional increases in measures of iron deposition.
The stature of LC is too small for assessment of microstructural changes using traditional diffusion weighted acquisitions, so a high-resolution diffusion weighted acquisition was employed to minimize partial volume effects. We observed increased FA, decreased MD, and decreased RD in LC of the aging cohort as compared to controls. Although diffusion measures can be altered by several microstructural properties, we conjecture that the observed diffusion changes reflect restricted diffusion occurring from a decrease in axon diameter 38, 39 . Prior postmortem studies examining LC have found a reduction in LC cell size of aged humans 40 . Interestingly, the trend toward increased LC R 2 * in the aged cohort may reflect reduced cell size as tissue compacting or shrinkage increases R 2 *. The age-related increase in LC R 2 * cannot be attributed to iron deposition as LC neuromelanin granules chelate copper 41 and neuromelanin is only slightly paramagnetic 42 .
LC is the primary source of norepinephrine in the brain, and its projections innervate many areas of the brain including regions deeply involved in learning and memory, such as the neocortex and hippocampus 43 . Norepinephrine protects neurons from oxidative stress 44 and reduces inflammation 45 . This protective effect is the basis of the LC-reserve hypothesis by which activation of LC and the release of norepinephrine may offer neuroprotection to neurons innervated by LC 46 .
Histological studies found that higher density of neurons in LC correlates with a reduction in cognitive decline 37 and an earlier study found a link between LC contrast and the retention of cognitive reserve 47 . Interestingly, we found that lower performance on RAVLT delayed recall scores were correlated with reduced MD and RD (i.e. reduced LC axon size), suggesting that LC microstructure integrity may be important in the retention of cognitive abilities during aging.
Histology has found an age dependence for iron load in substantia nigra 13 , which has been confirmed in several imaging studies [17] [18] [19] [20] . Increases in substantia nigra susceptibility, R 2 *, or fielddependent relaxation rates have been observed in cohorts of aged subjects as compared to young subjects 18, 20 and the results presented here accord with these findings. Other work examining iron deposition in a wider age range has been inconclusive with one study finding that iron increases in substantia nigra until early adulthood and then plateaus 17 while another showed iron load increases throughout life 19 . Interestingly, results presented here agree with both studies. Specifically, significant positive correlations were seen between SNpc iron measures and age in the young cohort but no significant correlations in iron measures were observed in the aged cohort, suggesting high accrual rates early in life while group effects suggest iron accrual continues throughout life.
Determination of age-related iron deposition in substantia nigra or its subcomponents (SNpc or substantia nigra pars reticulata) is essential for the establishment of biomarkers to distinguish normal R 2 * or QSM values from those due to a pathological condition. For example, in Parkinson's disease, much of the neuronal loss in SNpc occurs prior to symptom onset and increased iron content in substantia nigra is associated with this neuronal loss 48, 49 . However, imaging studies have not reached a consensus regarding nigral iron deposition in Parkinson's disease [50] [51] [52] [53] , and this inconsistency may be due to placement of substantia ROIs outside SNpc 54 .
Iron is particularly problematic for diffusion-weighted MRI sequences with monopolar diffusion encoding gradients. Deposits of iron create local magnetic field gradients, which produce cross terms affecting monopolar diffusion encoding gradients and reduce the apparent diffusion coefficient 14, 24 . Our results from the monopolar diffusion-weighted acquisition accord with this physical model. We found negative correlations between both SNpc iron measures (mean R 2 * and mean susceptibility) and diffusivity (MD, AD, and RD) in data acquired with a monopolar diffusion encoding gradient in the aged group. However, similar correlations were observed in the diffusionweighted data acquired with a bipolar diffusion encoding gradient. This latter finding is particularly puzzling since physical models suggest bipolar diffusion encoding gradients are insensitive to magnetic field inhomogeneities generated by iron deposits 15 .
Negative correlations between iron measures and MD as well as positive correlations between FA and iron measures have been observed in the striatum 12, 55 . These results suggest a complex relationship between iron deposition and diffusivity measures that warrants further study.
Specifically, correlations between SNpc susceptibility and diffusion measures from the bipolar acquisition in both groups suggest iron deposition may alter the underlying tissue microstructure or that the correlation between microstructure and iron are incidental and age-related microstructural changes are dominant. Characterization of the relationship between iron and diffusivity is of particular interest in deep gray matter nuclei undergoing age-related or pathologic iron deposition. In particular, this is of interest in the study of PD where iron is deposited in SNpc 56 . The development of diagnostic and progression markers for PD has been hindered by inconsistent results from different studies 57 and discrepancies in the literature may be partially explained by the sensitivity of diffusion measures to iron content.
Given the negative correlations for diffusion measures and the increase in SNpc iron measures in the aged cohort, it is unsurprising that reduced diffusivity was observed in the aged cohort. Earlier work examining age-related microstructural differences in substantia nigra found a trend towards reduced MD (p=0.12), a statistically significant reduction in FA, and a statistically significant increase in RD in their aged cohort 21 . Differences in results between our study and the previous report 21 cannot be attributed to a discrepancy in ROI placement. ROIs were drawn in hypointense regions inferior to red nucleus and were positioned in a spatial location similar to the rostral portion of the neuromelanin-sensitive SN (SNpc) ROI used in this analysis 22 . Given this, the discrepancy in RD and FA results may be attributed to partial volume effects as their acquisition had a slightly larger voxel size than the diffusion acquisition used in this work.
There are some caveats in the present study. First, although a neuromelanin-sensitive atlas created by our group was applied to these data, neuromelanin-sensitive data were not acquired in the same cohort. Histological data suggests that neuromelanin may be present in LC, but not substantia nigra, at birth 58 and neuromelanin accrues in both structures with age 59 . Neuromelanin content in both structures peaks around age 60 and decreases later in life 9, 59, 60 with depigmentation of substantia nigra occurring at a rate of 4.7% loss per decade of life 10 . Inclusion of neuromelaninsensitive data would give a holistic assessment of age-related effects. Second, the age distribution of the subjects in this study was bimodal, owing to its cross-sectional design, with the mean ages of 20.9 years and 73.5 years for the two populations studied. No subjects between the ages of 26 and 60 participated in this study. Third, it is possible that noise may corrupt measurements in SNpc from the high-resolution (monopolar) DTI acquisition. Low SNR from iron deposition or reduced voxel size will negatively bias radial diffusivity but positively bias axial diffusivity, resulting in an increase in FA 61 . We speculate that the effect of noise on the monopolar acquisition is minimal since similar effect sizes are seen in both DTI acquisitions since SNpc SNR in the bipolar acquisition is relatively high (mean SNpc SNR = 82.3). However, additional work is needed to assess the contribution of noise on diffusion indices in iron containing structures. Finally, although participants were screened for self-reported neurological conditions prior to enrollment, it is impossible to exclude the possibility that some of the healthy controls in the aged cohort have an undiagnosed neurological condition. As mentioned above, LC and SNpc are profoundly effected in the prodromal stages of Alzheimer's disease (LC only) or PD (LC and SNpc) 7, 8 .
Conclusion
In this work, a high-resolution diffusion-weighted MRI protocol and a multi-echo gradient echo protocol were employed to examine age-related microstructural and compositional differences in LC and SNpc. Older age was most associated with axonal thinning in LC whereas age-related differences in SNpc are likely due to increased iron content. Further, these differences in iron content were found to strongly correlate with diffusion measurements in SNpc in the aged cohort while strong trends were observed between susceptibility and diffusion in the young cohort.
